The neural basis of emotion can be found in both the neural computation and the neuromodulation of the neural substrate that mediates behavior. I review the experimental evidence showing the involvement of the hypothalamus, the amygdala, and the prefrontal cortex in emotion. For each of these structures, I show the important role of various neuromodulatory systems in mediating emotional behavior. Generalizing, I suggest that behavioral complexity is caused partly by the diversity and intensity of neuromodulation and hence depends on emotional contexts. Rooting the emotional state in neuromodulatory phenomena allows for its quantitative and scientific study and possibly its characterization. NEUROSCIENTIST 5:283-294, 1999 KEY WORDS Neuromodulation, Emotion, Affect, Hypothalamus, Amygdala, Prefrontal The scientific study of the neural basis of emotion is an active field of experimental and theoretical research (1, 2) . Partly because of a lack of a clear definition (if it exists) of emotion, and probably because of its complexity, it has been difficult to offer a neuroscience framework in which the influence of emotion on behavior can be studied in a comprehensive manner. Most of the current work focuses on identifying neural structures responsible for the experience or expression of particular emotions. The purpose of this article is to propose an alternative approach, rooting emotion not in particular structures, but in a set of neural mechanisms that operate in many structures simultaneously.
The scientific study of the neural basis of emotion is an active field of experimental and theoretical research (1, 2) . Partly because of a lack of a clear definition (if it exists) of emotion, and probably because of its complexity, it has been difficult to offer a neuroscience framework in which the influence of emotion on behavior can be studied in a comprehensive manner. Most of the current work focuses on identifying neural structures responsible for the experience or expression of particular emotions. The purpose of this article is to propose an alternative approach, rooting emotion not in particular structures, but in a set of neural mechanisms that operate in many structures simultaneously.
I will suggest that the experience and expression of emotion are neither the result of the activity of some specific brain structures ('emotional centers') nor the diffuse (nonlocalized) effect of some chemical substances.
Rather, emotion can be seen as (and possibly characterized by) continuous patterns of neuromodulation of certain sets (systems) of brain structures. These neuromodulations modify the functions of the neural substrate in a manner compatible with the known influence of emotion on the behavior that this substrate mediates. (In the following, we will consider 'thinking' or cognition to be a behavior.) The neuromodulation of 'cognitive centers' results in phenomena pertaining to emotional influences of cognitive processing. Neuromodulations Second, it provides a natural framework for the study of the emergence of a particular emotional state arising from the use of drugs of abuse (3) . Such drugs are known and studied for their neuromodulatory effects of (widespread) neural function, rather than the activation of specific brain structures. Therefore, they directly modify the neuromodulatory pattern (6) to single cells (7) to networks in invertebrates (8) and cortex (9) in vivo or in vitro, and theoretically studied using computer modeling techniques (10 (18, 28) . On the other hand, ablation of this region produces placidity. The function of the hypothalamus in the putative neural circuit for emotion is to integrate and carry the autonomic and endocrine responses perceived during emotional expression. It accomplishes this role on the basis of cortical information arriving from the hippocampus (through the fornix) and sensory information arriving from the ventral thalamus (29) . This view has been further developed by other researchers, insisting more on the hippocampus as the locus of conscious emotional experience, and on the hypothalamus as the locus of emotional expression (30) .
Further work has characterized the set of anatomical structures controlling the autonomic and endocrine expressions of emotions mediated by the hypothalamus (31) . These structures include the septal nucleus, the amygdala, the pre-optic areas and the diagonal band of Broca, as well as to the periventricular and central gray areas. These regions project to a specific region of the hypothalamus (defined as comprising the perifornical region and the medial portion of the lateral hypothalamus) which was consequently termed HACER (Hypothalamic Area Controlling Emotional Responses). Efferents of the HACER have in turn been identified (32) and share the common property of sending relatively direct inputs to the intermediolateral column cells of the thoracic cord (major group of autonomic cells) (33) . Other studies further suggested that the hypothalamic paraventricular nucleus contained separate but interacting populations of cells mediating different autonomic and endocrine responses, making of this nucleus a locus of endocrine and autonomic integration (34) .
Most of the modem work relating the hypothalamus to behavioral expressions of emotions has been completed on the basis of the pioneering studies of self-stimulation drives and reinforcements (20) . These The first studies involving the amygdala in emotion were actually reported by researchers studying the effects of bilateral lesions of the whole temporal lobe (36) . These studies showed 'abnormal' monkey behaviors such as: no expression of anger and fear (unrestricted approach of humans and other animals), increased mouth exploration of objects (including snakes and live rats) and general slowing of movements. Later studies focused on specific ablation of the amygdala (37) and demonstrated that animals showed a marked increase of tameness, loss of motivation, decrease of fear response to aversive stimuli, and a more rapid extinction of conditioned avoidance responses acquired preoperatively (and slower subsequent acquisitions). Guided in part by these pioneering studies, researchers attributed to the amygdala both memory (38, 39) and 'emotional' functions (1, 2) .
Neuromodulatory Systems
Studies of the involvement of the neuromodulatory systems of the amygdala in negatively-charged memory formation have pointed to the (3-adrenergic system (40) . Post-training injection of the r3-adrenergic receptor antagonists dl-propanolol or dl-alprenolol in the amygdala clearly showed a time-dependent and dose-dependent decrease in the retention of a passive avoidance task in rats. In addition, simultaneous injection of l-norepinephrine has been shown to reverse Further pharmacological studies, using heart-rate conditioning, revealed that the opiate system was also involved (41) . Pretraining administration of opiate in the central nucleus of the amygdala selectively impaired acquisition of conditioned heart-rate responses in rabbits. This effect is canceled by simultaneous injection of the opiate antagonist naloxone. Other studies suggested that the activation of the opioid system of the central nucleus of the amygdala decrease fear-like responses in rats (42) , and that the post-training injection of opiate produced naloxone-reversible and dose-dependent decrease in retention of a passive avoidance task (43 (46) .
Neuronal Systems
Fear conditioning depends on an intact and fully operational amygdala (47) (48) (49) . Sensory inputs relay in modality-specific nuclei of the thalamus before projecting to the lateral nucleus of the amygdala, which therefore appears as the sensory interface of the amygdala in fear conditioning (50, 51) . The lateral nucleus then projects in a very organized manner to other amygdaloid nuclei (52, 53) . Amygdaloid computations eventually reach the central nucleus, which then projects to extra-amygdaloid structures mediating motor responses (54) . These structures include the hypothalamus for autonomic responses and the periaqueductal gray for skeletal motor responses, to cite only a few. In addition to its thalamic inputs, the lateral amygdala receives projections from various levels of sensory cortical processing.
In this neuroanatomical context, and on the basis of further neurophysiological experiments, it was proposed that the learning process (fear conditioning) mediated by the amygdala involves two separate and necessary information streams, which the amygdala integrates. The thalamo-amygdaloid pathway mediates short-latency and crude stimulus-fear associations (55) , whereas the thalamo-cortico-amygdaloid pathway carries slower (multisynaptic) and more processed (possibly multimodal) sensory information destined to complement the previous, 'gut-reaction' information (56, 57) . This view has been further substantiated by the observation that amygdala and hippocampus (the 'last stage of sensory corticocortical processing') are differentially involved depending on whether the stimuli are 'simple' (in which case the amygdala suffices) or 'complex' (in which case the hippocampus is involved [58, 59] (Fig. 1) .
The main neuroactive system is Q-adrenergic (adrenal epinephrine) and is active during stress-related events (64) . Both GABA-ergic and opioid-peptidergic inputs of as-yet-unspecified origin (but coursing through the stria terminalis) inhibit it. Another neurochemical system is cholinergic and carries the influence of the amygdala to other brain structures. In contrast with other theories, this body of research suggests that memory storage is localized in brain structures other than the amygdala (65) (76) and is innervated by cells that have a complex neuromodulatory composition, containing several coexisting additional neuromodulatory substances such as cholecystokinin (73) . In turn, these prefrontal cells project to several subcortical dopaminergic cell groups, such as the lateral hypothalamus, the striatum, the substantia nigra, and the ventral tegmental area, which implies their involvement in dopamine regulation at other sites (such as the nucleus accumbens, for example [75] ). These projection cells are the locus (to the exclusion of most of the other catecholamine systems) of dopamine increase during stress (76) .
Pharmacological and behavioral studies on intracranial self-stimulation further established the important role of the medial prefrontal dopamine system in positively motivated behavior (77) . Given (74, 78, 79) . The computational role of dopamine has also been simulated and equated with an increase in signal-to-noise ratio (80 67 and 84 for reviews]). Together with electrophysiological data, these results led to the conclusion that the dorsolateral prefrontal cortex mediates cognitive functions related to the crosstemporal contingencies of motor actions and recent sensory information (85) . It is therefore the locus of some form of short-term sensory memory related to representations of preparatory motor activities and of their interaction in time (also called 'working memory'). Conversely, the ventromedial division of the prefrontal cortex exerts an inhibitory influence on hypothalamic and other limbic systems, therefore dampening the control of certain instincts and drives (86) . This hypothesis is compatible with various clinical observations in humans.
Because of the existence of numerous cases in which lesions of the frontal cortices actually provoked tameness, fearfulness, lack of responsiveness, and abnormal social behaviors (87) 
